Introduction
Atrial fibrillation is the most common arrhythmia in humans [1] . The mechanisms underlying its induction and maintenance are not fully understood. However, it seems likely that, similar to sustained ventricular tachyarrhythmias, atrial fibrillation induction and maintenance are related to the presence of an anatomical and/or electrophysiological substrate, activated by specific triggers (ectopic beats), in the presence of a modulating factor (autonomic system status) [2] . It has been suggested, by Moe in the 1960s [3] and subsequently confirmed by atrial mapping in animals [4] and humans [5] , that the substrate comprises multiple wavelets. This hypothesis states that the induction of sustained atrial fibrillation depends on the average number of reentrant circuits present in the atria. If the number of the wavelets is high, the statistical probability that they will die at the same time will be small and atrial fibrillation will persist; on the other hand, when the number of reentrant wavelets is small, the chance that they will die out simultaneously is higher, and the termination of the arrhythmia more likely. The number of wavelets that can coexist is determined both by the atrial tissue mass and the wavelength (wavelength= conduction velocity refractory period) of the atrial impulse [6] . The smaller the wavelength of circulating wavelets the more easily atrial fibrillation is induced and maintained. Consequently, a slower conduction velocity, a shorter refractory period or both reduce the wavelength, thus increasing the number of possible circuits in the atria and leading to a more stable atrial fibrillation.
Domestication of atrial fibrillation and electrophysiological remodelling
It has been noted by clinicians that the natural history of atrial fibrillation tends to worsen with time. In fact, paroxysms of atrial fibrillation become more frequent and of longer duration with time, paroxysmal atrial fibrillation is often followed by persistent or chronic atrial fibrillation [7] , and pharmacological or electrical cardioversion has a higher success rate when atrial fibrillation is of short duration [8] [9] [10] [11] . These findings suggest that the occurrence of atrial fibrillation itself may alter atrial properties, increasing the likelihood of arrhythmia maintenance and recurrence. These processes of worsening and stabilization of atrial fibrillation with time has been well expressed by the term 'domestication of atrial fibrillation' [12] . The electrophysiological changes induced by atrial fibrillation to the atria, which promote the initiation and perpetuation of atrial fibrillation, are well expressed by the term 'electrophysiological remodelling' [12] .
Electrophysiological remodelling: experimental findings
Electrophysiological remodelling has been well described in experimental studies. The seminal paper by Wijffels et al. [12] , published in 1995, has demonstrated that, in goats, pacing-induced atrial fibrillation of up 2 weeks' duration induces a shortening of atrial refractoriness and a reverse adaptation of refractoriness to rate. The reduction of refractoriness reduces the wavelength, and then stabilizes atrial fibrillation and favours its recurrence after cardioversion. Reverse adaptation (atrial refractory period shorter at lower rates and longer at higher rates) obviously cannot contribute to the promotion of atrial fibrillation maintenance, because it minimizes the refractory period reduction at higher rates, such as those present during atrial fibrillation. Instead, it could have great importance in atrial fibrillation induction and recurrence, because the short refractory period during sinus rhythm increases the ability of premature beats to induce atrial fibrillation. In the experience of Wijffels et al. artificial maintenance of atrial fibrillation also led to an increase in inducibility and stability of the arrhythmia with time, while it had no effect on conduction velocity and refractoriness dispersion.
The study by Morillo et al. [13] published in the same year, demonstrated that rapid atrial pacing in dogs for 42 days reduced the atrial refractory period and promoted the ability to maintain atrial fibrillation. Moreover, these authors found that atrial conduction velocity was also decreased, as shown by an increase in P wave duration and in the PA interval. This should further reduce the wavelength and stabilize atrial fibrillation. Finally, another experimental study by Gaspo et al. [14] showed that in dogs paced for 1 to 42 weeks, rapid atrial activation caused time-dependent decreases in the refractory period, in rate-dependent refractory period accommodation, in conduction velocity and wavelength, along with an increase in regional heterogeneity. In conclusion, high atrial rates due to rapid atrial pacing or induced atrial fibrillation decreases the atrial refractory period, abolishes or reduces accommodation to rate in almost all experimental models, while the effects on conduction velocities and refractoriness dispersion are discordant. The results of these experimental studies, showing that atrial fibrillation or rapid atrial pacinginduced electrophysiological changes favouring maintenance and recurrences of atrial fibrillation, led to the concept that 'atrial fibrillation begets atrial fibrillation' and seemed to provide a good explanation for the observed 'domestication' of atrial fibrillation.
Structural remodelling
Beside changes in electrophysiological atrial properties, atrial fibrillation or rapid atrial pacing induces structural modifications that could explain the impairment of contractile function after cardioversion of atrial fibrillation and may also have proarrhythmic effects. Goette et al. [15] found that, in dogs submitted to 7 h of atrial pacing at 800 beats . min 1 , atrial biopsy specimens showed mitochondrial swelling, associated with a decrease in the density of the cristae and a loss of definition, suggesting possible lysis of the cristae. In the study performed by Morillo et al. [13] in dogs, the atria were paced at 400 beats . min 1 for 6 weeks; electron microscopy of atrial tissue demonstrated structural changes that were characterized by an increase in mitochondrial size and number, and by disruption of the sarcoplasmatic reticulum. In the paper published by Ausma et al. [16] , atrial fibrillation was induced in goats and maintained for 9-23 weeks. After this time, myocytes showed marked changes in their cellular substructures, such as loss of myofibrils, accumulation of glycogen, changes in mitochondrial shape and size, fragmentation of sarcoplasmatic reticulum and dispersion of nuclear chromatin. These changes were accompanied by an increase in the size of the myocytes. These structural modifications resemble many of the structural features of myocytes during heart development, and can therefore be interpreted as phenotypic changes characteristic of a dedifferentiation process [17] . It is interesting that these atrial structural changes due to prolonged atrial fibrillation are very similar to those seen in ventricular myocytes in chronic hibernating myocardium [18] . Moreover, in fibrillating atria, apoptotic death of myocytes with myolysis has been described [19] . All these structural changes cause a marked worsening of contractile function at the moment of sinus rhythm restoration and represent high rate induced 'structural remodelling' (see below). With time, the loss of atrial contractility is likely to lead to atrial dilation, with a consequent increase in atrial mass well beyond the critical mass required for atrial fibrillation induction and maintenance.
The definition of structural remodelling also includes extracellular changes that develop during long-term (months) atrial fibrillation. The most important one is represented by the development of interstitial fibrosis that is probably promoted by an increased expression of angiotensin-converting enzyme during atrial fibrillation [20] . Fibrosis leads to non-uniform anisotropy, associated with electrical uncoupling of side-to-side connections of parallel oriented fibres, slow conduction and conduction block, all conditions favouring reentrant arrhythmias by reducing the wavelength and by causing unidirectional block.
Definition of remodelling
The concept that tachyarrhythmias can alter electrophysiological functioning in the same manner as heart disease has led to the term 'electrophysiological remodelling'. This term was initially used to describe the electrophysiological changes induced by atrial fibrillation of long duration (days or weeks) promoting atrial fibrillation maintenance or recurrences [12] [13] [14] . Subsequently, the term electrical remodelling has also been applied to the changes in electrophysiology induced by brief periods of atrial pacing or induced atrial fibrillation [21] . It is obvious that short-term atrial fibrillation-induced changes in atrial electrophysiological properties and in particular in atrial refractoriness, simply reflect modifications of action potential duration and/or refractoriness that represent mere functional adaptations to rate changes that occur within seconds or minutes after a change in heart rate [22] . These functional and metabolic adaptation processes (pseudo-remodelling) have short onset and offset kinetics and involve mechanismssuch as the achievement of a new steady state in intracellular ion concentrations, activity in ion pumps, phosphorylation of ion channels, sudden changes in time and voltage-dependent properties of channels and transporters -completely different from those involved in the true electrical remodelling [23] . True electrical remodelling occurring when the atrial rate remains high for days or weeks is associated, as stated by Allessie [23] , with changes and alterations in quantity, structure and properties of ion-channel proteins in the sarcolemma. More important, these modifications have longer onset and offset kinetics, last for a long time (days) and are not functional or metabolic but are due to changes in the levels of mRNA encoding specific ionic channel proteins, induced by an altered gene expression.
The term remodelling can also be used for structural changes -due to long-lasting (weeks to years) rapid atrial rates or atrial fibrillation -involving cell size and content, changes in the extracellular matrix and the development of gross macroscopic modifications. These modifications, including hibernation, dedifferentiation, fatty degeneration and fibrosis, last for long periods (probably from weeks to months) after cessation of atrial fibrillation or high atrial rates, and some of them are not completely reversible [23] . It is obvious that in the latter case we are not dealing with electrophysiological but with structural remodelling.
In conclusion, the term 'remodelling' should be reserved for longer-term onset and offset changes induced by long-lasting rapid atrial rates. As pointed out by Nattel [24] , 'adjectives such as ''ionic'', ''electrophysiological'' and ''structural'' could then be utilized to specify the type or level of remodelling under discussion'.
Electrophysiological remodelling in humans
Several studies have addressed the presence and the characteristics of electrophysiological remodelling in humans. All the studies described below have shown a shortening of atrial refractory periods or monophasic action potential duration after cardioversion of persistent atrial fibrillation, while discordant results have been observed where refractoriness adapts to rate (Table 1) .
No study in man has demonstrated the presence of a reverse or completely flat refractoriness adaptation to rate, as found in experimental studies in goats. Some studies have reported the presence of normal or nearly normal adaptation to rate immediately after cardioversion of persistent atrial fibrillation. Pandozi et al. [25] showed that a normal or nearly normal adaptation to rate was present, according to the slope values, in 77% of the paced atrial sites of patients studied immediately after cardioversion of persistent atrial fibrillation ( Fig. 1 ). Four weeks later refractory periods were significantly longer compared to those found immediately after cardioversion. Tieleman et al. [26] studied the refractory period behaviour measured with temporary epicardial leads during cardiac surgery in patients with both paroxysmal and persistent atrial fibrillation. Although no data were reported on refractory periods' adaptation to rate, the shape of the curve in the persistent atrial fibrillation patient group was similar to that shown in the paper by Pandozi et al. (Fig. 2 ). Other studies have reported a reduced adaptation to rate in subjects with persistent atrial fibrillation studied immediately after cardioversion. Franz et al. [27] reported a reduction in the duration of monophasic action potential and a depressed adaptation of monophasic action potential to rate compared to the control group of patients with paroxysmal supraventricular tachycardia or ventricular tachycardia. Yu et al. [28] found that the atrial refractory period at the right atrial appendage and distal coronary sinus shortened, while reducing the pacing cycle length (mean slope values 0·05 and 0·09 respectively). However, the mean slope values of the control group (patients with episodes of supraventricular tachycardia) were significantly higher. Finally, two studies have found normal adaptation in some atrial sites and a reduced adaptation in others [29, 30] (Fig. 3 ). It should be stressed that in all the studies showing some degree of reduction in adaptation to rate, rate adaptation of patients with atrial fibrillation was always compared with a control group of patients without atrial [25] Franz [27] Tse [29] Tieleman [26] Yu [28] Kamalvand [30] 175 700 
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arrhythmias. The problem is that we do not know the adaptation to rate of the patients with persistent atrial fibrillation before the beginning of the arrhythmia. In other words, we do not know if the reduced adaptation compared to normal subjects is due to the presence of different basal electrophysiological properties of the [30] with permission.) atria in patients who will develop atrial fibrillation, or to the electrical remodelling, owing to the high atrial rate of atrial fibrillation. The clinical study by Le Grand et al. [31] gives some suggestions. It showed that, in dilated human atrial trabeculae the monophasic action potential and plateau duration are markedly depressed, and that in myocytes from dilated atria outward current was reduced by 60%, whereas the calcium current was still more drastically depressed (75%). Of note, the majority of the patients of the dilated atria group (75%) were not fibrillating, so that these authors concluded that 'the observed action potential shortening cannot result from fibrillation'. Actually, these changes could favour the occurrence of atrial fibrillation and could represent the basal electrophysiological condition of the atria of patients who will develop atrial fibrillation. Therefore, these results seem to indicate that the electrophysiological and ionic current features of the atria with chronic dilatation without atrial fibrillation resemble, at least in part, those of patients with atrial fibrillation (see below). This suggests that the basal characteristics of patients with atrial fibrillation before the arrhythmia onset (possibly including also the degree of refractoriness adaptation to rate) could be very different from that of patients undergoing electrophysiological study or radiofrequency ablation because of paroxysmal supraventricular tachycardia.
In conclusion, taking into account all these data, we can deduce that: the degree of the electrical remodelling process seems to be more pronounced in animals (particularly in goats) than in humans, in whom a clear reverse or flat adaptation to rate was never seen, and a variable degree of adaptation was found to be present; subjects without atrial fibrillation should not be compared with patients with persistent atrial fibrillation.
Ion channels and electrophysiological remodelling
We have seen that the most important and accepted feature of electrophysiological remodelling is represented by the shortening of action potential duration and of the refractory period. The cardiac action potential can be shortened either by a net increase in outward current or a net decrease in inward current. Sustained atrial rates, such as those present during atrial fibrillation, produce intracellular calcium overload. In fact, atrial fibrillation causes an approximately tenfold increase in the number of atrial action potentials per unit of time. Consequently, the rate of Ca 2+ flux into the cell is high and, in the absence of any adaptive response, Ca 2+ overload could reach a level so high as to threaten cellular viability. Initially Ca 2+ overload causes, by a negative feed-back mechanism, a marked and 'functional' reduction of the L-type Ca 2+ current (I Ca ) (pseudo-remodelling) and therefore a decrease in the inward current (Fig. 4) . Subsequently, when true electrophysiological remodelling develops, calcium overload induces a down-regulation of the expression of the L-type calcium channels ( 1c -subunit) [24] and probably a change in the channel structure itself (Fig. 4) . These effects decrease the amount of I Ca inside the cell and reduce the plateau phase and the duration of the action potential. The reduction in I Ca has been demonstrated in experimental studies [32, 33] . In human studies, Van Wagoner et al. [34] compared I Ca in atrial myocytes isolated from patients in normal sinus rhythm at the time of cardiac surgery with that of chronic atrial fibrillation patients. They found that I Ca was significantly reduced in the myocytes of patients with chronic atrial fibrillation. Apart from the changes in I Ca , in some species, after prolonged periods of atrial fibrillation or rapid atrial pacing, a reduction in the sodium current (I Na ) has also been demonstrated [35] . These changes in I Na parallel those in conduction velocities [14] , suggesting that alterations in I Na amplitude contribute to the conduction changes reported in atrial myocytes of dogs subjected to rapid atrial pacing.
Both animal and human studies have shown that many outward ionic currents are unchanged [36, 37] . Only the transient outward current carried by K+ (I to ) and the sustained component of the ultrarapid delayed rectifier K+ current (Ik sus ) were modified by rapid atrial rates [36, 37] . Surprisingly, contrary to every expectation, it has been found that, both in animals and humans, the outward current density carried by I to was reduced rather than elevated [36, 37] . Moreover, Van Wagoner found that in myocytes isolated from patients in chronic atrial fibrillation Ik sus density was also reduced [37] ( Fig. 4) . The results of all these studies suggest that the reduction in I Ca is likely to play a central role in action potential and refractoriness changes caused by rapid atrial rates, while the modifications in I to are probably of much less importance, at least at the atrial level. In fact it is well known that rapid rates at the ventricular level cause prolongation of the ventricular action potential and refractoriness [38] . Moreover, this effect is associated, as for the atrial chamber, to a marked reduction in I Ca and I to . In this case the effect of a reduction in I to is probably more important and accounts for action potential prolongation at the ventricular level at the end of sustained rapid stimulation rates. Finally, the different behaviour of action potential duration in response to high rates could affect the nature of the induced arrhythmia, torsade de pointes in the ventricle and atrial fibrillation in the atrium (Fig. 4) .
Also the changes in outward currents arise from molecular replacements involving the ion-channel proteins in cardiac sarcolemma, leading to a reduction in the density and to modifications in the biophysical properties of specific ion channels. The mechanism of modification of ion channel density and function is a change and decrease in the levels of mRNA encoding pore-containing subunits of the respective channels induced by altered gene expression (Fig. 4) . All the modifications in outward and inward currents due to altered gene expression take place in hours or days, last . The reduction in I CaL leads to a shortening of the duration of monophasic action potentials (MAP) and refractory periods (ERP), while a reduction in outward potassium current leads to an increase in the duration of monophasic action potential and refractory periods. The difference in importance of a reduction in calcium and potassium currents at the atrial and ventricular levels accounts for the different behaviour in the two chambers in response to rapid cells depolarizations (high rate pacing, spontaneous and/or induced tachyarrhythmias): shortening of monophasic action potential and refractory period in the atria and their prolongation in the ventricles, because of the greater decrease in inward than in outward currents in the atria and a greater decrease in outward than in inward currents in the ventricle. These findings could explain the different arrhythmias arising in the two chambers after prolonged periods of high rates depolarization: atrial fibrillation in the atria and torsade de pointes in the ventricle. a long time, although they are reversible, and represent, as pointed out before, the basis of true electrophysiological remodelling.
Verapamil and electrophysiological remodelling
The notion that the first cellular step leading to electrophysiological remodelling is represented by the presence of calcium overload has led to the hypothesis that treatment with Ca-antagonist drugs could reduce or prevent atrial refractoriness changes induced by high atrial rates or atrial fibrillation. The first results obtained in experimental and human studies were encouraging ( Table 2) . Tieleman et al. [39] showed in goats that electrophysiological remodelling of the atrium induced by 24 h rapid atrial pacing was significantly attenuated by verapamil infusion, started 4 h before the stimulation. Goette et al. [40] reported that, in dogs subjected to 7 h of atrial pacing at 800 beats . min 1 , atrial electrical remodelling was blocked by verapamil administered as an intravenous bolus (followed by continuous infusion) 30 min before the high-frequency pacing. Daoud et al. [41] and Yu et al. [42] reported that in humans refractory period shortening, following brief episodes of pacing-induced atrial fibrillation, were markedly attenuated by verapamil infusion given before the induction of the arrhythmia. Based on these results, obtained in situations in which true electrophysiological remodelling was probably not already present, it was suggested that the drug could be clinically effective in preventing recurrence of atrial fibrillation after cardioversion, or in reducing the duration of atrial fibrillation paroxysms [39] [40] [41] [42] . Different results have been obtained both in experimental and human studies when verapamil was given after the onset of persistent atrial fibrillation or before long-lasting (>24 h) atrial pacing ( Table 2) . Lee et al. [43] reported that in dogs verapamil prevents refractory period shortening after 1 day of rapid atrial pacing (780 beats . min 1 ). However, in the same study, verapamil did not have any significant effect on the atrial refractory period in the dogs with long term (1-6 weeks) pacing tachycardia-induced changes in refractoriness. Ramanna et al. [44] observed that in patients with chronic atrial fibrillation, acute infusion of verapamil determined a shortening of the mean fibrillatory interval, an index of the local refractory period. Moreover, Sato et al. [45] , administering oral verapamil in patients with chronic atrial fibrillation, found no difference in their atrial refractory periods after cardioversion, with respect to patients in wash-out; the recovery from electrical remodelling was indeed delayed in verapamil patients. Finally, Pandozi et al. [46] noted that verapamil, when administered after the onset of persistent atrial fibrillation, actually shortened postcardioversion atrial refractory periods (Fig. 5 ) and determined no change in refractoriness dispersion within the right atrium and in atrial refractory period adaptation to rate. Therefore, the electrophysiological changes induced by the drug should theoretically reduce the chances of spontaneous termination of the arrhythmia and increase the likelihood of its early recurrence after cardioversion.
Based on these results, it is thus conceivable that verapamil could have different biochemical effects on high-rate activated atrial cells in relation to the timing of its administration and to the duration of rapid atrial pacing or of atrial fibrillation. The same concept can also be expressed in other words and from another point of view. Verapamil could prevent only functional and metabolic changes in refractoriness operative in the early domain (electrophysiological pseudoremodelling), but it does not have any protective effect or may have a paradoxical worsening action when, after days or weeks of high atrial rates, true electrophysiological (and possibly structural) remodelling has by now occurred.
In spite of the electrophysiological results of the studies in humans about the effect of treatment with verapamil on atrial refractoriness in patients with persistent atrial fibrillation, there is growing clinical evidence that the drug could prevent or reduce the recurrences of atrial fibrillation.
A recent study [47] concluded that the treatment with drugs that reduce Ca 2+ entry decreases the recurrence rate of the arrhythmia. More recently, De Simone et al. [48] demonstrated that the adjunction of verapamil to propafenone 3 days before cardioversion of patients with persistent atrial fibrillation reduced the incidence of early recurrence of atrial fibrillation compared to propafenone alone. In contrast, older studies have shown no effect [49] or a worsening action [50] of verapamil on atrial fibrillation duration and recurrences.
The discordance between the recent clinical and electrophysiological studies in humans could be explained by the following considerations. Verapamil could, theoretically, exert other favourable effects in patients with atrial fibrillation: it could determine the reversal of the structural and ultrastructural cellular changes [15, 51, 52] and the reversal of the atrial morphological modifications [53] related to the development of an atrial tachymyopathy (structural remodelling). Moreover, Haissaguerre et al. [54] and Chen et al. [55] have recently shown that the elimination by radiofrequency ablation of triggering atrial ectopic beats originating from foci located in the pulmonary veins eliminated atrial fibrillation recurrences in 62% and 86% of the patients, respectively. Verapamil could suppress the firing of these foci-triggering atrial fibrillation recurrences, thanks to its action on abnormal automaticity, early and delayed afterdepolarization [56] [57] [58] . However, future randomized prospective studies are needed to establish the actual effect of verapamil on atrial fibrillation recurrences, and the electrophysiological mechanisms accounting for such an effect. 
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Table 2 Effect of verapamil on refractory period (ERP) in relation to the timing and duration of drug administration
C. Pandozi and M. Santini
Are shortening of refractoriness and electrophysiological remodelling responsible of domestication of atrial fibrillation and does really atrial fibrillation begets atrial fibrillation?
Background and questions
At a time when a clear distinction between true and pseudo-electrophysiological remodelling has not yet been made, several questions have still to be answered about the relevance of shortening in refractoriness for atrial fibrillation induction and maintenance:
(1) Despite significant shortening of refractoriness over short time periods, in animal [12] and clinical studies [21] , sustained atrial fibrillation does not develop; nevertheless, prolonged periods of pacinginduced atrial fibrillation are required for this to occur. (2) More than 50% of clinical episodes of paroxysmal atrial fibrillation subside spontaneously, although just a few minutes of induced atrial fibrillation shortens the atrial refractory period in man [21] . (3) Although at least 50% of atrial fibrillation recurrences occur in the first days after cardioversion, some atrial fibrillation recurrences occur later, when the shortening in refractoriness is no longer present. (4) At the first episode of sustained or persistent atrial fibrillation, patients have no degree of atrial fibrillation induced shortening of refractoriness before the initiation of the arrhythmia.
(5) Acute and chronic atrial dilation in some models have been shown to prolong atrial refractoriness, but still facilitate induction of atrial fibrillation. In regard to points 1 and 2, it should be possible for atrial fibrillation to become stable only when short term, metabolic changes in refractoriness are replaced by true electrophysiological remodelling, involving changes in gene expression. It could be that true electrical remodelling may act on refractoriness in a different and unknown way to that of short-term pseudo-electrical remodelling (inducing not a general and aspecific shortening of the refractory period but, for example, sitespecific different degrees of shortening in refractoriness leading to refractoriness dispersion [38] , or favouring a further use of dependent shortening of refractoriness [59] , or inducing the loss of post-repolarization refractoriness found by some authors [30, 60] in normal subjects). As regards the remaining points, it appears evident that factors other than refractoriness shortening should be involved in the remodelling process and that in the genesis of atrial fibrillation the importance of refractoriness shortening alone has been over-estimated. A recent study was performed by Garrat et al. [61] in goats, with the aim of identifying whether other mechanisms (the so-called 'second factor') with a longer time course of onset and offset, in respect to changes in atrial refractoriness, could account for the atrial fibrillationinduced increase in atrial fibrillation stability and arrhythmic recurrences. Another aim of this study was to evaluate the possibility that repeated episodes of atrial fibrillation could result in a cumulative increase in atrial fibrillation inducibility or stability independent of changes in atrial refractoriness. In this experimental study, atrial fibrillation was maintained by rapid atrial 
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pacing for three consecutive 5-day periods, each separated from each other by 48 h of sinus rhythm. Assessment of the atrial refractory period, conduction velocity, atrial fibrillation inducibility, and duration of individual episodes of atrial fibrillation were attempted at intervals. The result of this study showed that 48 h of sinus rhythm were just sufficient for refractoriness changes to fully reverse, with no evidence of any residual increase in atrial fibrillation inducibility (Fig. 6) ; the presence of a second factor was thus not found. Moreover, no significant difference among any of the three periods of pacing maintained atrial fibrillation was found in refractoriness shortening degree or duration, atrial fibrillation inducibility or stability. This means that there was no evidence of either preconditioning by previous episodes of atrial fibrillation on refractoriness or of a cumulative effect of atrial fibrillation paroxysm on atrial fibrillation inducibility, independent of changes in refractory periods.
The limit of the study by Garrat et al. is represented by the short length of the arrhythmia. Five days of induced atrial fibrillation may have been insufficient for the development of other electrophysiological and structural changes, which could account for the tendency of atrial fibrillation to recur, in spite of normalization in refractoriness.
The electrophysiological and/or structural changes that could have a different time course to refractoriness are represented by modification in conduction velocity and in refractoriness dispersion, and by the development of chronic atrial ischaemia, atrial dilation, fibrosis or by the enhancement of firing of ectopic foci. Conduction velocity has been shown to develop, in animal models, only after long-lasting high rate atrial pacing. Interestingly, in the paper by Gaspo et al. [14] the atrial refractory period was reduced in dogs paced for 7 days, while atrial conduction velocity decreased more slowly, with maximal changes in dogs paced for 42 days. Also, refractoriness dispersion could develop and continue for a long time. Pandozi et al. [25] noted that dispersion of right atrial refractoriness was unchanged 1 month after cardioversion, despite an overall lengthening of refractory periods.
Atrial ischaemia during atrial fibrillation could be another factor inducing electrophysiological remodelling with unknown onset and offset kinetics. In fact, atrial fibrillation causes an increase in atrial metabolic demand and oxygen consumption that could be greater than the increase in coronary artery perfusion. Moreover, myocardial ischaemia can induce changes in expression of genes encoding for membrane ion channel proteins [62] . However, new and specific techniques for detection of atrial ischaemia during atrial fibrillation in humans should be utilized, since block of the K ATP channels by glibenglamide did not prevent atrial electrophysiological remodelling induced in experimental models by atrial fibrillation or high rate atrial pacing [15, 63] . Structural changes such as atrial dilation and atrial fibrosis occur during long-standing atrial fibrillation. Patients with brief (<2 weeks) or moderate (2 to 6 weeks) duration of atrial fibrillation do not have any increase in atrial size [64] . Fibrosis clearly belongs to the 'very-long-term' structural changes (months-years) induced by atrial fibrillation [65, 66] . Atrial dilatation favours atrial fibrillation recurrences increasing the atrial mass, according to the multiple wavelets hypothesis. Fibrosis also represents the expression of structural remodelling that, in turn, could affect electrophysiological remodelling by leading to the development of non-uniform anisotropic conduction, with the related decrease in conduction velocity and a propensity to unidirectional conduction block of premature beats.
Finally, the recent findings of both Haissaguerre et al. [54] and Chen et al. [55] regarding the initiation of paroxysmal atrial fibrillation by ectopic beats originating into the pulmonary veins merit some comments. We can suppose that the ectopic foci and refractoriness at the pulmonary veins-left atrium junction [67] could be remodelled for longer periods of time than general atrial refractoriness. Paroxysmal atrial fibrillation or high atrial rate of a certain duration might have long-term effects on pulmonary vein foci or might influence the pulmonary veins-left atrium interface, reducing refractoriness at the posterior left atrial wall and allowing rapid propagation from the foci to the left atrium [67] . Pulmonary vein foci, when remodelled, could fire high rates paroxysms of atrial tachycardia with 1:1 conduction to the atria, that could lead to episodes of focal atrial fibrillation [68] or eventually to the induction of paroxysms of atrial fibrillation. When such tachyarrhythmic paroxysms terminate, a new firing from the foci could re-induce the arrhythmia in a short time and so on, until specific, although unknown, changes occur and the atrial fibrillation become stable or persistent. Such a hypothetical model is very similar to the goat model of pacing-induced atrial fibrillation [12] , and it is consistent with the clinical situation of patients who develop persistent atrial fibrillation after intermittent periods of long lasting, close paroxysms of atrial tachycardia or fibrillation [69] . Alternatively, firing from pulmonary vein foci could represent an 'acute' and recurrent factor, with an unpredictable onset and duration and the tendency to worsen with time related to unknown causes (increased episodes of acute atrial stretch?) independent from any high rate induced remodelling process.
Conclusive considerations
Pure electrophysiological remodelling (refractory period shortening due to altered gene expression with onset and offset kinetics of days) seems to be involved in the following cases: the tendency of atrial fibrillation to recur after a matter of days after sinus rhythm restoration, when refractory periods have not returned to the normal value; immediate recurrence of atrial fibrillation (IRAF). It does not seem to have to do with the gradual worsening of paroxysmal atrial fibrillation over months to years [67] . In fact, as long as there is sufficient time between paroxysms of atrial fibrillation to allow atrial refractoriness to return to normal, the substrate for atrial fibrillation is not altered and paroxysmal atrial fibrillation would not be expected to progress to chronic atrial fibrillation [61] . Therefore, the general concept that 'atrial fibrillation begets atrial fibrillation' by shortening the atrial refractory period [12] is only likely to apply to recurrent paroxysmal atrial fibrillation if the time between paroxysms is not sufficient to allow for full reversal of the atrial refractory period. In paroxysmal atrial fibrillation with a low incidence ( i.e. 1 episode/ month), the role of the refractory period seems to be limited. In fact, due to the reversibility of the refractory period, each paroxysm of atrial fibrillation may be independent of the previous one.
Hence, since the first reports on electrophysiological remodelling due to rate, evidence is growing, that refractoriness and the related monophasic action potential duration are not unique factors involved in the atrial remodelling process induced by atrial fibrillation.
In humans, worsening of atrial fibrillation with time ('domestication') may not be related only to atrial fibrillation induced refractory period shortening, even when altered gene expression is involved, but it could be related either to electrophysiological remodelling affecting other parameters (conduction velocity, dispersion of refractoriness) with possible longer onset and offset kinetics or, at least for long-term episodes of atrial fibrillation, to structural remodelling (dilation, fibrosis and probably other unknown factors) affecting in turn atrial electrophysiological properties. However, at this point, it is difficult to establish if 'domestication' of atrial fibrillation is due to the true remodelling (structural or electrophysiological) process owing to high atrial rates, or if it merely reflects the natural history of an underlying electrophysiological and/or anatomical pathological process.
If, in the future, an evident 'second factor' will not be shown to exist and to account for the 'domestication' of atrial fibrillation, then we should sadly conclude, that according to Langberg [67] , the 'atrial fibrillopathy produced by long-lasting atrial fibrillation is simply an illusion', and that the simple natural progression of the underlying atrial structural or electrical disease (independent from rapid atrial rates) can account for the worsening of atrial fibrillation with time.
